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ABSTRACT 

Interstellar C iv absorption line studies of the hot gaseous halo of the Large Magellanic Cloud (LMC) 
have been hindered by non-ideal selections of early-type probe stars in regions where C +3 can be pro- 
duced locally via photoionization, fast stellar winds, or supernovae. To observe stars outside such 
regions, precise spectral classifications of OB stars in the field are needed. Therefore, we have obtained 
medium-dispersion spectra of 42 early-type stars in the LMC that are distributed outside superbubbles 
or supergiant shells. The spectral classification of these stars is presented in this paper. Nineteen of 
these program stars have spectral types between Bl and 07, and are thus suitable probes for interstellar 
C IV absorption line studies of the hot gaseous halo of the LMC. 

Subject headings: stars: early-type - stars: fundamental parameters (classification) - galaxies: 
individual (LMC) - ISM: structure 



1. INTRODUCTION 

The existence of a hot gaseous halo (10 6 K) around the 
Milky Way was first suggested by Spitzer (1956) to ex- 
plain the confinement of H I clouds at large distances from 
the Galactic plane. This proposed hot gaseous halo was 
later detected around the Galaxy and has been well stud- 
ied via absorption line measurements of interstellar C IV 
and other highly- ionized species (e.g., Savage, Sembach, 
& Lu 1997). The hot gas around a galaxy is most likely 
injected into the halo as a result of stellar winds and su- 
pernova explosions. The study of its physical properties 
and distribution in galactic halos provides valuable infor- 
mation about the physical structure and evolution of the 
interstellar medium (ISM). 

The disk-halo connection and the distribution of hot 
halo gas over the disk are difficult to study in the Galaxy 
because of our disadvantageous position in the disk plane. 
The Large Magellanic Cloud (LMC), on the other hand, 
provides an excellent laboratory for the study of a hot 
gaseous halo, because of its small inclination angle (30°- 
40°; Westerlund 1997), proximity (distance = 50 kpc; 
Feast 1999), and low extinction (typical Ay <C 0.5 mag; 
Caplan & Deharveng 1986). However, the hot gaseous 
halo of the LMC has not been adequately studied. Ear- 
lier observations were possible only for the most luminous 
OB probe stars. These stars and their neighboring stars 
can produce C +3 locally via photoionization, stellar winds, 



and supernovae, as illustrated by Walborn, Heckathorn, & 
Hesser (1984) with the hot stars in the Carina Nebula. 
Therefore, the observed C +3 may not represent the halo 
(Chu et al. 1994). 

To avoid these problems, suitable probe stars for further 
studies of the hot halo in the LMC must (1) have spectral 
types later than 07, so they cannot photoionize C +2 , (2) 
have spectral types earlier than Bl, so they are bright 
enough in the ultraviolet to obtain high S/N data, and (3) 
be located outside of supergiant shells or away from early 
O stars that may produce confusing C IV lines. The exist- 
ing catalogs (e.g., Sanduleak 1969; Rousseau et al. 1978) 
list many stars that may meet these criteria, but their 
spectral types have been broadly categorized as "OB" , 
given the difficulty of classifying late-O/early-B stars with 
photographic objective prism plates. Accurate spectral 
classification of selected stars outside OB associations has 
been provided by, e.g., Walborn (1977), Conti et al. (1986), 
Fitzpatrick (1991), Massey et al. (1995), and Walborn et 
al. (1995), but only a small number of stars meet these 
criteria. Furthermore, these stars do not provide an even 
coverage across the disk of the LMC for a thorough map- 
ping of its hot gaseous halo. Therefore, a detailed spectral 
classification of more stars in strategically selected regions 
in the LMC is needed. 

We have obtained medium-dispersion spectroscopic ob- 
servations in the 3860-4790 A wavelength range of a sam- 
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pie of 42 Sanduleak stars that are outside superbubbles 
and supergiant shells, and selected from widespread fields 
in the LMC. The observations have allowed us to narrow 
the spectral classification of these stars. The results are 
reported in this paper. We describe the observations and 
data reduction in §2, discuss the classification method in 
§3, and present the improved spectral classifications in §4. 

2. OBSERVATIONS AND REDUCTION 

The observations were obtained using the Ritchey- 
Chretien Spectrograph on the 1.5m telescope at the Cerro 
Tololo Inter- American Observatory on 1998 January 5-8. 
The #35 grating was used in the second order to provide 
a reciprocal dispersion of 50.7 A mm" 1 . A CUSO4 filter 
was used to block the first spectral order. The spectra 
were recorded with a Loral IK chip. The 15/z pixel size 
corresponded to 0.76 A pix -1 . A 2" slit width was used, 
and the resultant spectral resolution was 2.4 A FWHM. 
The wavelength coverage of the spectra was 3860-4790 A. 
The typical S/N is above 80 per resolution element over 
the spectral range. The journal of observations is given in 
Table 1. There we list the star names from Sanduleak's 
catalog, B magnitudes from SIMBAD, and the total in- 
tegration times. In addition to the 42 program stars, we 
have obtained spectra for 20 Galactic O and B spectral 
classification standard stars selected from the compilation 
by Garcia (1989). The names, spectral classifications, and 
references of these stars are listed in Table 2. 

The observations were reduced using standard IRAF 3 
packages. All spectra were bias and dark corrected and 
multiple exposures were combined to remove cosmic-ray 
events. The spectra were fiat-fielded using observations of 
a quartz lamp, and the wavelength scale was calibrated 
using observations of a He-Ar comparison lamp. 

3. CLASSIFICATION OF OB STARS 

The spectra of all standard and program stars were nor- 
malized and plotted with the same scale for comparison. 
The spectral classification of the program stars is carried 
out by matching diagnostic spectral features with those 
of the standard stars. It should be borne in mind that 
the LMC program stars have a lower metallicity than the 
Galactic standard stars, and the strengths of their metal 
lines can differ for the same spectral type. Thus, the 
spectral classification is mostly based on line ratios. We 
have followed the spectral classification criteria outlined 
by Walborn & Fitzpatrick (1990) and Fitzpatrick (1991), 
as summarized below. 

A main classification criterion in the OB range is the 
strength of the He 11 AA4200,4541 absorption lines. The 
He II A4541 line is visible in spectra of O stars and even 
B0 stars. For O stars, the detailed spectral type is further 
defined by the relative intensity of the He 11 AA4200,4541 
to the He 1 AA4026, 4144, 4387, 4471 lines. At spectral types 
06-08, the luminosity classes are diagnosed by the pres- 
ence of N in AA4634, 4640, 4642 emission lines and whether 
the He 11 A4686 line is in emission or absorption. At later 
spectral types, 08-09.5, the Si iv A4089 to RS ratio is 

3 IRAF is distributed by the National Optical Astronomy Observatories, which are operated by the Association of Universities for Research in 
Astronomy, Inc., under cooperative agreement with the National Science Foundation. 

4 The Digitized Sky Survey was produced at the Space Telescope Science Institute under US government grant NAGW-2166 based on photo- 
graphic data obtained using the UK Schmidt Telescope at Siding Spring, Australia, and the Oschin Schmidt Telescope on Palomar Mountain. 



used to determine luminosity classes, with large ratios for 
supergiants. 

For early B stars, the spectral type is determined by the 
relative strengths of the Si iv A4089, Si in A4552, and Si 11 
AA4128,30 lines. For late B5-B9 stars, the Mg 11 A4481 
to He 1 A4471 ratio becomes an effective diagnostic. The 
luminosity class for B type stars is mainly determined by 
the relative strengths of Si ill and Si iv compared to He I. 

4. RESULTS 

The normalized spectra of the program stars in the 
wavelength range 3880 - 4775 A are displayed in Fig- 
ure 1 with a separation of 0.5 continuum flux units be- 
tween spectra. The spectra have been ordered according 
to their spectral classification, from earlier to later spectral 
types, and by luminosity class. This order is chosen to fa- 
cilitate easy viewing of the progressive spectral variations 
from one spectral type to the next. 

The spectral classification of the program stars is sum- 
marized in Table 3. The stars have been arranged accord- 
ing to the order in Sanduleak's catalog. Columns 1 and 2 
give the Sanduleak and HDE numbers, columns 3 and 4 
the J2000.0 coordinates as measured in the Digitized Sky 
Survey 4 , and columns 5 and 6 the B and V magnitudes as 
provided by the SIMBAD database. Finally, our spectral 
classification is given in column 7. Two stars have un- 
certain luminosity classes, and they are noted with a ":" 
following the classification. 

After we have classified all program stars, we find 
that three of them actually have been accurately classi- 
fied previously - Sk-65°22 (06Iaf+, Walborn 1977), and 
Sk-66°78 (Blla) and Sk-68°171 (B0.7Ia, Fitzpatrick 
1991). Our independent classifications are consistent with 
these previous results within the uncertainty of human 
judgement. 

Finally, Sk— 69°59 shows conflicting spectral features 
that lead to a composite classification. The presence of 
He 11 suggests a spectral type BO or earlier, while the low 
ratios of Si iv A4089 to Si 111 A4552 and Si iv A4089 to 
He 1 AA4121,4144 are consistent with a spectral type Bl; 
therefore, Sk— 69°59 may have a composite spectrum of O 
and Bl stars. 

Of the 42 program stars, 19 have spectral types between 
Bl and 07. As the program stars have been selected to 
sample different regions of the LMC and to avoid environ- 
ments that are expected to possess local hot gas, these 19 
stars are suitable probes for interstellar C iv absorption 
line studies of the hot gaseous halo of the LMC. High- 
dispersion spectroscopic observations of these probe stars 
in the C IV lines using the Space Telescope Imaging Spec- 
trograph onboard the Hubble Space Telescope and in the 
O vi lines using the Far Ultraviolet Spectroscopic Explorer 
would help us understand better the distribution and phys- 
ical conditions of the hot gaseous halo of the LMC. 

JCH acknowledges support from NASA Long Term 
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Probes for the Hot Gaseous Halo of the LMC 



3 



Researcher Fellowship under grant number NGT-5-50121 knowledges NASA grants NAG 5-9024 and NAG 5-9179. 
through the University of Wisconsin-Madison. BW ac- 



REFERENCES 



Caplan, J., & Deharveng, L. 1986, A&A, 155, 297 

Chu, Y.-H., Wakker, B. P., Mac Low, M.-M., & Garcfa-Scgura, G. 

1994, AJ, 108, 1696 

Conti, P. S., Garmany, C. D., & Massey, P. 1986, AJ, 92, 48 
Feast, M. 1999, IAU Symposium No. 190, New Views of the 

Magellanic Clouds, eds. Y.-H. Chu et al., p. 542 
Fitzpatrick, E. L. 1991, PASP, 103, 1123 
Garcia, B. 1989, Bull. Inf. Centre Donnees Stellaircs, 36, 27 
Massey, P., Lang, C, DcGioia-Eastwood, K., & Garmany, C. D. 

1995, ApJ, 438, 188 

Morgan, W. W., Code, A. D., & Whitford, A. E. 1955, ApJS, 2, 41 
Rountree Lesh, J. 1968, ApJS, 17, 371 

Rousseau, J., Martin, N., Prevot, L., Rebeirot, E., Robin, A., & 

Brunct, J. P. 1978, A&AS, 31, 243 
Sanduleak, N. 1969, CTIO Contribution No. 89 



Savage, B. D. Scmbach, K. R., & Lu, L. 1997, AJ, 113, 2158 

Spitzer, L., Jr. 1956, ApJ, 124, 20 

Walborn, N. R. 1971, ApJS, 23, 257 

Walborn, N. R. 1972, AJ, 77, 312 

Walborn, N. R. 1973, AJ, 78, 1067 

Walborn, N. R. 1976, ApJ, 205, 419 

Walborn, N. R. 1977, ApJ, 215, 53 

Walborn, N. R., & Fitzpatrick, E. L. 1990, PASP, 102, 379 
Walborn, N. R., Heckathorn, J. N., & Hcsser, J. E. 1984, ApJ, 276, 
524 

Walborn, N. R., Lennon, D. J., Haser, S. M., Kudritzki, R., & 

Voels, S. A. 1995, PASP, 107, 104 
Westerlund, B. E. 1997, The Magellanic Clouds, Cambridge 

University Press 



4 



J axon et al. 



Table 1 
Journal of Observations 



Sk 


B 


Exp. Time 


Sk 


B 


Exp. Time 


Sk 


B 


Exp. Time 




[mag] 


N 




[mag] 


[s] 




[mag] 


[s] 


— 00 1 


lz.4 


zlUU 




1 O A 

VIA 


o aaa 
oUUU 


— oy 00 


Iz.D 


O/l AA 

Z400 


— 00 zz 


1 1 n 

ii. y 


loUU 


— 68 7 


1 1 o 

lz.8 


O AAA 
3UUU 


— oy oo 


1/.5 


1 1 A A 

2100 


— DO 41 


12.7 


1800 


— 68 23 


1 O A 

13. U 


O AAA 
3UUU 


— oy 7o 


1 1 o 

11.8 


17A A 

2/00 


— 65°66 


12.9 


3000 


— 68°46 


12.4 


2700 


—69 97 


12.8 


2400 


-66°6 


12.6 


2400 


-68°75 


12.0 


2100 


-69°120 


12.6 


3000 


-66°78 


12.2 


2700 


-68°147 


12.9 


3000 


-69°305 


13.0 


3000 


-67°4 


12.8 


3000 


-68°166 


12.6 


2800 


-70°25 


12.9 


3000 


-67°45 


12.9 


3000 


-68°171 


11.9 


1560 


-70°84 


12.7 


3000 


-67°46 


12.3 


2100 


-68°175 


12.2 


3000 


-70°85 


12.2 


2700 


-67°54 




2100 


-68°180 


12.8 


3000 


-70°96 


12.5 


3000 


-67°57 


12.6 


1800 


-69°9 


12.4 


3000 


-70°106 


12.9 


3000 


-67°76 


12.3 


2400 


-69°45 


12.2 


2400 


-71°7 


12.8 


3200 


-67°91 


12.3 


2700 


-69°51 


12.5 


4000 


-71°9 


12.5 


3000 


-67°247 


12.2 


2100 


-69°59 


12.0 


2400 


-71°11 


12.6 


3600 



Table 2 

Spectral Classification of Standard Stars 



Star Spectral Type Reference 



29 CMa 07Ia:fp var 1 

HD 34656 07 II (f) 2 

£Per 07 III (n) ((f)) 3 

HD 112244 08. 5 lab (f) 3,4 

AOri 08 III ((f)) 3,4 

rCMa 09 II 3 

1 Ori 09 III 4 
S Ori 09.511 4 
C Ori 09.71b 4 
e Ori B0 la 4 
HD 43818 B0 II 5,6 
k Ori B0. 5 la 3,4 
e Per B0. 7 III 3 

e CMa B1.5II 4 

X 2 Ori B2Ia 4 

7 Ori B2III 4 

2 CMa B3Ia 4 
tCMa B3Ib 4 
HD 21483 B3III 6,7 
r] CMa B5Ia 4 



References. — (1) Walborn 1973; (2) Walborn 1972; 
(3) Walborn 1971; (4) Walborn & Fitzpatrick (1990); 
(5) Morgan, Code, & Whitford (1955); (6) Walborn 
(1976); (7) Rountree Lesh (1968) 
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Table 3 

Spectral Classification of Program Stars in the LMC 
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Fig. 1. — Normalized spectra of 42 early-type stars in the LMC. The ordinate ticks are separated by 0.5 continuum flux units. The name 
and spectral type are labeled above each spectrum. The relevant diagnostic lines are also marked. See Table 1 for the exposure times of these 
spectra, and Table 3 for the coordinates and magnitudes of these stars. 
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